Low concentrations of L-lysine and L-lysine-containing-peptides strongly inhibited the growth of axenic strains of 4 species belonging to the genus Microcystis (cyanobacteria). Inhibitory activities decreased in the
Microcystis is one of the dominant genera of cyanobacteria that form surface water blooms in eutrophic lakes and reservoirs. Microcystis blooms have been reported in lakes in Australia 4) , England 5) , Norway 5) , Scotland 5) , Ireland 5) , Thailand 16) , and Japan etc. 5, 26) . In Lake Kasumigaura, the second largest lake in Japan, outbreaks of surface water blooms have caused numerous problems such as: production of cyanotoxins, potent hepatotoxins and potential carcinogens 5) , deoxygenation of the water body leading to massive mortality of cultivated fishes, musty odor of drinking water, and obstacles to lakeshore recreation. Since 1979, the dominant species of cyanobacterial blooms in the lake has shifted from Microcystis to Oscillatoria and Phormidium 22) . The nature of the ecological factors that have changed the structure of the phytoplankton communities in this lake has been the subject of debate to establish measures to control cyanobacterial water blooms. Management measures are of vital importance to mitigate the adverse effects of cyanobacterial blooms on water quality, water utilization and amenities.
During a study on the growth responses of Microcystis and Oscillatoria to dissolved organic matter, we found that L-lysine and L-histidine strongly inhibited the growth of Microcystis cyanobacteria 23) . On the other hand, neither amino acid had much inhibitory effect on the growth of Oscillatoria cyanobacteria even at a higher concentration of 50 mg/liter. Amino acids such as L-valine 2) , L-serine 6) and L-cysteine 8) have long been known to inhibit the growth of bacteria as a consequence of antagonism between related amino acids. Anti-microbial activities of e-poly-L-lysine and a-poly-L-lysine against Gram-positive and -negative bacteria are also well known 3, 11, 15) . For cyanobacteria, reports exist of growth inhibition of Nostoc mucorum by L-histidine 27) and Synecosystis sp. by L-phenylalanine 7) . Kaya and Sano 12) identified the algicidal compounds in yeast extract as lysine and malonic acid. Yamamoto et al. 28) reported that L-lysine was one of active substances produced by a strain of actinomyces with the ability to lyse Microcystis cells. However, little is known about the growth inhibition of Microcystis cyanobacteria by L-lysine. In early papers from this laboratory we reported that the growth of an axenic strain of Microcystis wesenbergii K-3A was remarkably blocked by the addition of nutrient broth 14) and that the removal of some impurities in agar was indispensable for the formation of Microcystis colonies on a solid medium 21) . These results suggested that the growth of Microcystis species might be sensitive to inhibition by organic compounds such as amino acids. In this paper, we describe the growth inhibition of Microcystis species by L-lysine and L-lysinecontaining peptides in culture experiments using axenic strains of Microcystis sp. We also deal with the results obtained in pond experiments showing that the spraying of Llysine caused a drastic disappearance of natural Microcystis blooms. This paper is the first report on the mitigation of natural Microcystis blooms by spraying L-lysine.
Materials and Methods

Organisms and cultural conditions
Axenic cultures of M. novacekii TAC 20-1, M. viridis NIES 102, M. aeruginosa TAC 71-1, and M. ichthioblabe TAC 48-1 were used in this study. The Microcysistis type strains were kindly donated by Dr. M. Watanabe, Department of Botany, National Science Museum, Tsukuba, and by the Microbial Center Collection of the National Institute for Environmental Studies, Ministry of Environment, Japan. Cyanobacteria were cultivated in test tubes (18´180 mm) containing 5 ml of CT-medium and 2 g of glass beads, or in 100 ml of the medium in a 200 ml Erlenmeyer flask while standing, under continuous illumination at a light intensity of 2000 lux at 30°C. The medium was inoculated with the seed culture to give an OD of 0.02 at 660 nm. The CTmedium contains Ca(NO 3 ) 2 4H 2 0: 150 mg; KNO 3 : 100 mg; MgSO4 7H2O: 40 mg; Na2 glycerophosphate: 50 mg; Vitamin B 12 : 0.1 mg; biotin: 0.1 mg; thiamin: 10 mg; TAPS (N-Tris (hydroxymethyl) methyl-3-aminopropanesulfonic acid): 400 mg and 3 ml of metal solution 18) , all in 1 liter of deionized water, pH 8.2.
Measurement of growth of Microcystis cyanobacteria
The growth of the cyanobacteria in the cultured broth and the density of water blooms in the pond were evaluated by measuring the optical density (OD) at 660 nm and chlorophyll a concentration. For the measurement of OD, the sample was shaken on a vortex mixer (Taiyo Co. Ltd. MixTower) for 30 s with glass beads to disperse colonies and create a homogeneous cell suspension. For the measurement of the chlorophyll a concentration, the appropriate volume (1-10 ml) of culture medium or pond water was filtered through glass fiber filter paper (Watman GF/C, 25 mm). GF/C filters holding cyanobacterial cells were cut into pieces in test tubes containing 3 ml of cold acetone (90%) and glass beads. 
Duration of pond experiments and weather conditions
We examined whether the spraying of L-lysine would block the proliferation of natural Microcystis blooms in an experimental pond. The first experiment was conducted from August 24 to September 11, 1999. In 1999, there was no rain during the experiment. The second experiment was began on August 23, 2000 and ended on September 11. In the second experiment, 6 days after the spraying of L-lysine i.e., from September 5 to 7, heavy rain that significantly affected environmental conditions in the pond system.
Spraying of L-lysine onto natural Microcystis blooms in an experimental pond On August 30, 1999 and on August 29, 2000, 183 g of Llysine monohydrochloride dissolved in 4 liters of tap water (neutralized to pH 7) was sprayed onto surface water blooms abounding with Microcystis sp. The L-lysine solu-tion was applied using a conventional herbicide sprayer to the surface of the water blooms at a final concentration of 50 mM relative to the pond water volume. To conserve the ecological structure of the natural Microcystis blooms, the pond water was not mixed after the spraying.
Description of the experimental pond
The experimental pond (5 m´4 m; depth 1 m; volume 20 m 3 ) was constructed in 1996 for environmental studies on Microcystis blooms by the Mechanical Engineering Research Laboratory of Hitachi Ltd. within its factory grounds in Tsuchiura, Ibaraki, Japan. Sediments from Lake Kasumigaura were introduced to the bottom of the pond to a thickness of 3-cm and factory wastewater was discharged into the pond. Average concentrations of total nitrogen and total phosphorus in pond water were in the range of 1.77 to 2.33 mg per liter and 0.1 to 0.11 mg per liter, respectively. The rate of outflow was controlled so that the pond retention time was 10 days (10 cm a day). Usually in August and September, Microcystis blooms occurred in the pond, though the density of the cyanobacterial bloom varied annually depending on the weather conditions.
Enumeration of colonies of Microcystis species, trichoms of Phormidium species and cells of Euglena species
Pond water was sampled with a sampling pail at depth of 10-cm at 10 a.m. Numbers of colonies of Microcystis sp., trichoms of Phormidium sp., and cells of Euglena sp. were counted directly on nitrocellulose filters (Millipore HAWG, 0.45 mm, 25 mm) under a microscope of a magnification of 40 to 200. A 1-ml sample with or without dilution was filtered through the membrane, dried at 40°C, and immersed in a transparency medium. A Microcystis colony and a Phormidium trichom greater than 30 mm in size was counted as one colony and one trichorm, respectively. Individual cells of Euglena sp. were each counted as one cell. The values were expressed as an average of 2 replications of a sample.
Taxonomy of species of Microcystis and Phormidium in the pond
The species of Microcystis and Phormidium in the phytoplankton community of the pond were identified based on their morphological characteristics according to Komarek 13) and Anagnostidis 1) , respectively. 
Determination of L-lysine
Thirty milliliters of sample water was filtrated through glass fiber filter paper (Watman GF/C, mean pore size: 1.2 mm) and the filtrate was lyophilized. Then, lyophilized samples were dissolved in 3.0 ml of 0.01 N HCl and filtered using cellulose acetate membranes (Advantec Dismic-13 cp, mean pore size: 0.2 mm). L-Lysine was determined with an amino acid analyzer (Hitachi-L8800).
Chemicals
L-Lysine monohydrochloride was purchased from Ajinomoto Co Ltd. Japan. L-Lysine-containing peptides were obtained from Sigma-Aldrich Co. Ltd. Other chemicals used in this study were of the highest grade commercially available.
Results
Growth Inhibition of axenic cultures of Microcystis cyanobacteria by L-lysine 1) Susceptibility of axenic strains of Microcystis cyanobacteria to L-lysine Most amino acids inhibit the growth of Microcystis cyanobacteria 23) . L-Lsine and L-histidine are particularly potent inhibitors, the former was more prominent than the latter 23) . To examine the susceptibility of various strains of Microcystis cyanobacteria to L-lysine, axenic strains of M. novacekii TAC 20-1, M. viridis NIES 102, M. aeruginosa TAC 71-1, and M. ichthioblabe TAC 48-1 were cultivated in CT-medium containing different concentrations of Llysine (Fig. 1) . A significant difference in the susceptibility to L-lysine was observed among the 4 species examined. The presence of L-lysine at a concentration of 10 mM inhibited completely the growth of M. novacekii TAC 20-1 and 
M. viridis NIES 102. In contrast, M. aeruginosa TAC 71-1 and M. ichthioblabe TAC 48-1 were able to grow significantly in the medium containing 50 mM L-lysine, although there were lag periods in their growth in media containing 25 and 50 mM L-lysine.
2) Effect of addition of L-lysine and L-lysine-containing peptides on growing cells of M. novacekii TAC 20-1 and M. viridis NIES 102
The effect of addition of different concentrations of Llysine on growing cells was examined with M. novacekii TAC 20-1 and M. viridis NIES 102 cultured in CT-medium for 7 days until the OD at 660 nm reached 0.68 and 0.85, respectively. In the culture of M. novacekii TAC 20-1, addition of 5 to 10 mM L-lysine caused little inhibition, whereas 25 mM and 50 mM L-lysine resulted in retardation of the growth and subsequent cell lysis; the OD at 660 nm decreased from 0.68 to 0.28 48 hr after the addition of 50 mM L-lysine (Fig. 2a) . As to M. viridis NIES102, the strain most sensitive to L-lysine, 25 mM L-lysine was sufficient to cause cell lysis (Fig. 2b) .
A similar inhibition was also observed when L-lysinecontaining-peptides were fed to the culture of M. novacekii TAC 20-1 and M. viridis NIES 102. At 50 mM of tri-Llysine, L-lysyl-L-lysine, L-lysyl-L-histidine, and a-poly-Llysine (n=7-11) remarkably blocked the growth of both strains (Fig. 3a, b) . Although tri-L-lysine and di-L-lysine caused cell lysis in both strains, the monomer was the most effective inhibitor.
3) Effect of L-lysine addtion on the culture of M. viridis
NIES 102
The effect of adding L-lysine to the culture medium of M. viridis NIES 102 was examined. The organism was cultivated in 100 ml of CT-medium in a 200 ml Erlenmeyer flask for 7 days to give a cell density of 0.95 at OD 660 nm. LLysine was added to the medium at a final concentration of 50 mM, then cultivation was continued under the same conditions. Changes in the L-lysine concentration of the medium as well as cell growth were measured (Fig. 4) . After 24 h, a slight increase in growth was observed by measuring the OD at 660 nm and chlorophyll a concentration of the culture. After 48 hr, however, the growth of M. viridis NIES 102 was arrested and cell lysis took place after 72 h. Five days after the treatment, the OD at 660 nm was decreased from 0.95 to 0.145, and the chlorophyll a concentration was also dropped from 1680 to 425 mg per liter. The results indicate that cell lysis and breaching of the pigment were concomitantly caused by the addition of L-lysine. Most of the L-lysine added to the culture of M. viridis NIES 102 was rapidly taken up by the organism and only 2.7 mM remained in the medium after 24 hr. The profile of the change in the concentration of L-lysine in the culture broth was unusual; L-lysine taken into the cells was released into the medium after 48 h and with a maximal concentration of 25.8 mM obtained after 6 days. It was of importance that more than 50% of the L-lysine taken up was released from the cells together with glutamate as well as the cell lysis progressed.
Spraying of L-lysine onto natural Microcystis blooms in experimental ponds
1) Effect of spraying L-lysine on natural Microcystis blooms in 1999
We examined whether the spraying of L-lysine would block the proliferation of natural Microcystis blooms in an experimental pond. Two days after the spraying, the blooms of Microcystis had completely disappeared and there were dramatic changes in the appearance and turbidity of the pond water. The number of colonies of Microcystis species was reduced from 3320 to 0 colonies/ml within 2 days (Fig.  5) . The complete disappearance of blooms continued for 4 days. Five days after the spraying, blooms of Microcystis species began to reappear at a lower density; the number of colonies remained at 1/10 of that before the treatment with L-lysine. In spite of the complete disappearance of Microcystis colonies, concentrations of chlorophyll a in the pond water were not greatly diminished, because Euglena species appeared on September 1, when the Microcystis blooms had vanished (Fig. 5) . The Euglena species appeared at a cell density of 920 cells per ml 2 days after the spraying and increased to a maximal population of 4770 cells per ml 7 days after the spraying. The predominant period of abundance of Euglena species in phytoplankton communities continued for 7 days until the Microcystis species resumed their dominance. Dynamic changes in the phytoplankton community in the experimental pond were a significant consequence of the retention time (10 days) of the pond. On September 9, 10 days after the spraying of L-lysine, Microcystis blooms became dominant once again and the appearance of the pond was as before. Reflecting the dramatic changes in the phytoplankton community, the pH of the pond water dropped from 9.1 to 7.6 two days after the spraying and increased again to 8.5 as Microcystis colonies increased and Euglena species decreased (data not shown).
2) Effect of spraying L-lysine on natural Microcystis blooms in 2000
The most abundant species of Microcystis in the experimental pond was identified to be M. aeruginosa 13) . The number of colonies of Microcystis species at the surface; 4,910 colonies per ml on August 29, decreased to 650 colonies per ml on August 30, and to 180 colonies per ml on August 31 (Fig. 6) . On August 30, the sinking of Microcystis colonies into layers of sub-surface water was observed by the naked eye. Due to the drastic disappearance of Microcystis blooms, there were dramatic changes in the appearance, such as transparency and color, of the water of the pond. With the disappearance of Microcystis blooms, the chlorophyll a concentration and pH of the pond water changed drastically. Chlorophyll a decreased from 968 mg per liter to 92 mg per liter, and pH decreased from 10.02 to 8.85 on September 3, however, both increased again after a week. The decrease in phytoplankton in surface water contributed to the decrease of pH due to reduction of CO 2 assimilation. A period of almost complete absence of Microcystis blooms continued for 13 days until the end of this field experiment.
3) Occurrence of Euglena sp. and Phormidium sp. after spraying of L-lysine Immediately after the Microcystis colonies vanished from the surface, Euglena sp. occurred at a cell density of 300 cells per ml on September 1, 2000. The organism increased to a maximal population of 750 cells per ml on September 7 (Fig. 7) . The predominant period of abundance of Euglena sp. in phytoplankton communities continued for a week until Phormidium tenue resumed its dominance. The number of trichoms of P. tenue increased from 290 per ml on August 29 before L-lysine spraying to 4780 per ml on September 11.
4)
Changes in the concentration of L-lysine applied to the pond After L-lysine spraying, the surface water of the pond was not mixed to minimize artifact of the experiment on the pond ecosystem as well as mats of Microcystis blooms. Therefore, the distribution of L-lysine in the pond water was affected by several environmental factors such as diffusion, convection, the outflow at a rate of 10-cm per day, and dilution by rain. Since the concentration of the L-lysine solution applied to the pond was very high, i.e., 0.25 M, the concentration in surface water was remarkably high at 202 mM after 1 h, dropping to 34.1 mM after 24 h (Fig. 8) . Significantly high concentrations of L-lysine were detected in the surface water for 6 days, then the amino acid was completely consumed. It should be noted that the occurrence of Microcystis colonies was rare in the subsequent period until September 11 in spite of the absence of L-lysine.
Discussion
In laboratory experiments we found that not only the Llysine monomer but also L-lysine-containing peptides also strongly inhibited the growth of M. novacekii TAC20-1 and M. viridis NIES102. The inhibitory activity decreased in the
Since the D-isomers of lysine did not act to inhibit growth and Llysine was rapidly transported into the cell within 24 h, the inhibition may be associated with active transport systems for L-lysine 9) . L-Lysine-containing peptides such as tri-Llysine and di-L-lysine might be incorporated into the cells by the same transport system.
Various L-amino acids have long been known to inhibit the growth of bacteria as a consequence of antagonism between related amino acids. However, little is known about the negative-feedback inhibition of cyanobacteria by micromolar levels of L-lysine. Growth inhibition of Microcystis sp. by L-lysine was not reversed by the additions of 100 times concentration of L-methionine, L-threonine, L-homo- serine, or L-isoleucine (data not shown), therefore a mechanism other than negative-feedback inhibition of amino acid metabolism should be considered. Cationic moieties of L-lysine and L-lysine-containing peptides might interact with negatively charged surface components such as lipopolysaccharides of the outer membrane 15) , cytoplasmic membrane, and/or gas vesicle membrane 25) . Since cell lysis was remarkably accelerated by the feeding of L-lysine to cell of M. novacekii TAC20-1 and M. viridis NIES102 in the mid-log phase of growth, it was likely that L-lysine has some effect on the biosynthesis of cell-wall peptidoglycan. It is worth noting that a large amount of glutamic acid was released from the cells into the medium together with L-lysine, which had already been taken up by the organism, when cell lysis occurred (Fig. 4) . Glutamic acid is the most predominant precursor of murein in pools in E. coli 19) . It was reported that the purified peptidoglycan from Synecocystis sp. strain PC6714 consisted of N-acetylmuramic acid, N-acetylglucosamine, L-alanine, D-alanine, D-glutamic acid, and meso-diaminopimelic acid. Peptide analyses have revealed that the structure of the Synecocystis sp. strain PC6714 peptidoglycan belongs to the A1 gamma type classification 10) . Recently, D. Mengin-Lecreulx et al. 17) reported that overexpression of the murE gene from S. aureus encoding the UDP-N-acetylmuramoyl-L-alanyl-Dglutamate: L-lysine ligase in E. coli rapidly resulted in abnormal morphological changes and subsequent lysis. They found that ca. 50% of meso-diaminopimelic acid residues were replaced by L-lysine in the induced cell. These results suggest that the Microcystis peptidoglycan, which is normally meso-diaminopimeric acid, might be replaced by Llysine due to surplus uptake. However, the above explanation was not applicable to filamentous cyanobacteria such as Phormidium tenue and Oscillatoria sp., which have the A1 gamma type peptidoglycan the same as Microcystis cyanobacteria. This is because the growth of axenic cultures of Oscillatoria tenuis 1001, Oscillatoria animales NIES201, and Oscillatoria limnetica NIES 36 was not inhibited by the presence of Llysine in the medium at a concentration of 50 mg per liter 23) . Furthermore, the growth of the above three strains of Oscillatoria sp. was actually promoted by additions of Lasparagine, L-arginine, L-threonine, and L-lysine 23) . This discrepancy might be attributed to the intrinsic difference in growth characteristics between two genus Microcystis and Oscillatoria. The former is unable to use organic compounds as a carbon source for growth (homophototorophy) while the latter has the ability to utilize some organic compounds (heterophototorophy). It might be also considered that there are differences in pool size and the rates at which amino acids are metabolized between the two.
Laboratory results were confirmed in field experiments by spraying L-lysine onto natural Microcystis blooms in an experimental pond in the summer of 1999 and 2000. It was surprising that the spraying of 50 mM L-lysine caused almost the complete loss of Microcystis sp. colonies from the surface and that Euglena sp. and Phormidium tenue emerged, by taking the niche of Microcystis sp. The drastic disappearance of Microcystis blooms was observed a day after the spraying, thus, there were marked changes in the appearance such as the transparency and color of the pond water. Natural Microcystis cells might be fatally damaged by L-lysine in the first 24 h and resulting in a loss of buoyancy as well as cell lysis. Though the in situ lysis of natural Microcystis cells was not determined, Microcystis colonies seemed to be lysed after sinking down to the sediment. Unexpectedly, the rate of consumption of L-lysine sprayed was not very high and concentrations greater than 10 mM remained in the surface water for 4 days (Fig. 8) .
Since an extraordinarily high concentration of L-lysine, 202 mM, was detected in the surface water 1 h after the treatment, the damage to natural Microcystis cells by L-lysine might be severer than that in axenic cultures provided with 50 mM of L-lysine in the laboratory.
Although the dominant species in the experimental pond shifted from Microcystis to Euglena sp. and/or Phormidium tenue after the spraying L-lysine, it would be premature to speculate that this amino acid contributes to the succession from Microcystis to Oscillatoria and Phormidium in Lake Kasumigaura 22) as the concentration applied was unusually high. A 50 mM L-lysine is equivalent to 1.4 mg per liter as nitrogen and 3.6 mg per liter as carbon, while the total nitrogen level of the lake water was 0.7 mg per liter (annual average, 2003). However, the possibility exists that a combination of L-lysine and other ecological factors might have taken part in the change of structure of the phytoplankton communities in the lake. Parker et al. (1997) reported that potassium ion inhibited the growth of Microcystis in both the field and cultures and offered new possibilities for the regulation of Microcystis blooms 20) , however the 50% inhibitory concentration of potassium ion in pond water was determined to be 3 mM. In contrast to potassium ion, the sensitivity of Microcystis towards L-lysine at micromolar levels raises the possibility of using L-lysine to control natural Microcystis blooms in ponds and reservoirs. Certainly, there are several advantages with L-lysine in that is 1) An essential amino acid that has been publicly accepte d as a food additive, 2) A less expen-sive chemical produced by fermentation, 3) Very freely soluble in water, and 4) Easily metabolized in pond ecosystems. However, the concentration of L-lysine applied was significantly high as described above. Furthermore, Euglena species and Phormidium tenue appeared following the disappearance of Microcystis sp. after the spraying of L-lysine, thus the response of ecosystems to L-lysine spraying remains unknown. In the experiment in which 50 mM of L-lysine was used in 1999, the blooming of Euglena sp. occurred immediately after the loss of Microcystis colonies from surface water while no increase in Phormidium sp. was observed. Also, Microcystis blooms resumed 7 days after the spraying. Therefore, further investigation is needed to clarify the population dynamics of microbial communities in pond ecosystems in response to L-lysine and to reveal the mechanism of growth inhibition of Microcystis sp. by L-lysine.
